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I.  INTRODUCTION 

The  present  program  concerns  the  synthesis  of  compound  semiconducting 
materials,  with  particular  emphasis  on  their  use  in  new  and  novel  micro- 
wave  devices.  The  program  is  divided  into  three  major  sections:  thin 
film  epitaxial  growth  of  III-V  compounds;  the  design,  fabrication  and 
evaluation  of  microwave  devices  and  fundamental  studies  of  crystal 
synthesis  and  properties . 

The  devices  of  primary  Interest  are  of  the  planar  microwave  and 
acoustical  type,  employing  thin  films  of  GaAs  as  the  active  layer.  -The 
choice  of  GaAs  was  made  based  on  its  unique  properties:  exceptionally 
high  carrier  mobility,  a  moderately  large  band  gap,  the  Gunn  effect  and 
piezoelectric  response.  These  planar  devices  require  high  quality  active 
layers  of  GaAs,  with  particularly  strict  requirements  on  film  thickness, 
surface  smoothness,  carrier  density,  and  mobility  in  the  film.  The 
layers  intended  for  microwave  devices  are  grown  by  the  liquid  phase  epi¬ 
taxial  technique. 

In  the  period  covered  by  this  report,  there  has  been  significant 
activity  on  all  aspects  of  the  progrfja.  The  major  activity  of  the. epi¬ 
taxial  crystal  growth  section  of  the  program  has  been  the  study  of 
mechanisms  for  contamination  of  layers  during  growth.  It  had  been  noted 
that  some  layers  had  deteriorated  in  quality  concurrent  with  improvements 
made  in  the  growth  procedure.  A  major  consideration  la  elucidating  this 
behavior  has  been  the  interaction  of  the  graphite  crucibles,  the  quartz 
containers  and  the  high  purity  hydrogen  protective  atmosphere,  with 
particular  reference  to  possible  chemical  vapor  transport  of  impurities. 

In  the  device  fabrication  segment  of  the  program,  several  travelling  wave 
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amplifiers  were  produced  using  material  from  various  sources.  Diffi¬ 
culties  were  encountered  in  making  ohmic  contacts  to  the  very  thin  layers 
that  were  necessitated  by  modifications  in  the  device  design.  The  basic 
study  of  the  defect  structure  of  GaAs  has  concentrated  on  the  understand¬ 
ing  of  the  photoconductivity  characteristics  of  high  resistivity  GaAs, 
namely,  GaAs:Cr,  and  GaAs:0.  A  larger  number  of  imperfection  levels  were 
noted  in  these  materials.  In  the  study  of  the  scientific  aspects  of 
GaAs  crystal  preparation,  there  have  been  refinements  in  the  theoretical 
calculations  of  the  structure  and  energetics  of  the  CaAs(S)  -  Ga(L)  inter¬ 
faces.  The  treatment  has  been  refined  to  produce  more  satisfactory  results. 
In  the  vapor  growth  of  GaN,  rather  exciting  results  have  been  obtained. 

A  materials  growth  and  device  fabrication  procedure  has  been  developed 
that  produces  violet  electroluminescence.  To  the  best  of  our  knowledge, 
this  Js  the  first  such  device  to  produce  light  at  this  wavelength.  A 
description  of  these  respective  activities  is  given  below. 


II.  EPITAXIAL  CRYSTAL  GROWTH 

R.  S.  Feigelson,  B.  L.  Mattes,  R.  K.  Route  and  P.  Pettit 

A.  PROGRAM  OBJECTIVE 

The  principal  objective  of  the  epitaxial  growth  program  is  the  pre¬ 
paration  of  high  quality,  uniform  and  reproducible  epitaxial  layers  of 
GaAs  for  the  device  applications  program.  The  device  program  requires 
layers  (not  obtainable  commercially)  that  have  carrier  densities  in  the 

low  1014  cm  3  to  1015  cm"3  range,  300°/77°K  mobilities  above  7000/50,000 
2 

cm  /V-sec,  thicknesses  in  the  .5-30ym  range,  and  optically  smooth  surfaces. 

In  order  to  meet  this  objective,  considerable  effort  has  been 
devoted  to  the  development  of  new  methods  of  growth,  the  study  of  vari¬ 
ables  that  influence  growth,  techniques  to  prepare  and  handle  materials 
involved  in  growth,  and  methods  to  evaluate  the  growth  and  its  properties. 
In  addition,  the  epitaxial  crystal  growth  program  is  coordinated  with  the 
materials  studies  and  device  applications  xerograms  to  prepare  materials 
with  specific  properties  and  dimensions  and  to  interact  on  problems  of 
mutual  concern. 

The  most  recent  objective  in  this  program  is  the  reduction  of  back¬ 
ground  impurity  levels  to  improve  the  quality  and  reproducibility  of  the 
electrical  properties  of  the  epitaxial  layers.  The  results  from  reactions 
observed  betweer  high  purity  hydrogen  on  carbon  and  fused  quartz  has 
prompted  a  study  on  less  reactive  materials  in  the  system,  e.g.,  argon, 

A^Qj  ceramics  and  pyrolytic  BN. 

The  future  objectives  of  the  epitaxial  crystal  growth  program  will 
be:  (1)  to  meet  the  device  application  and  materials  study  program 


requirements  for  II1-V  materials  with  specific  properties;  (2)  to  con¬ 
tinue  the  development  and  evaluation  of  ohmic  contacts  on  GaAs  epitaxial 
layers;  (3)  to  continue  the  analysis  of  the  liquid  phase  growth  process, 
in  particular,  nucleation  phenomena  and  the  incorporation  of  impurities; 

and  (4)  to  develop  techniques  for  growing  epitaxial  GaAs  on  oxide  sub¬ 
strates. 

B.  PROGRESS 

1 .  Achievements 

The  liquid  phase  epitaxial  growth  systems  have  been  modified  to 
eliminate  sources  of  contamination  that  may  arise  from  gas  leaks  and 
questionable  materials.  These  modifications  include  glass  to  metal  seals 
in  place  of  viton  0-ring  seals,  stainless  steel  gland  fittings  with 
nickel  gaskets  and  He-arc  welds  in  place  of  Swagelok  fittings,  and  new 
quartz  reactor  tubes  and  purified  graphite  boats.  These  changes  have 
improved  the  reproducibility  of  electrical  properties  of  the  layers,  but 
the  electrical  properties  have  not  been  appreciably  improved.  Under 
ultra  tight  and  contamination  free  conditions  there  appears  to  be  a 
graphite-fused  quartz  reaction  above  600°C  that  degrades  the  electrical 
properties  of  the  layers.  Changes  are  presently  in  progress  to  circum¬ 
vent  this  problem  by  studying  the  effects  of  growth  and  bakeout  tempera¬ 
tures,  high  purity  ceramic  Al^,  pyrolytic  BN,  and  purified  Ar  on  the 
electrical  properties  of  the  layers. 

2.  Growth  Studies 

Improvements  have  been  made  to  eliminate  leaks  and  questionable 
material  contaminations  in  the  growth  system.  Unforeseen  difficulties, 
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however,  have  arisen  from  tnece  changes — the  electrical  quality  of  the 
layers  has  decreased  yielding  4xl015  to  4xl016  cm-3  carrier  densities 
and  4500-6500/10,000-30,000  cm3/V-sec  mobilities  at  300°/77°K.  On  the 
other  hand,  the  reproducibility  and  uniformity  of  the  electrical  proper¬ 
ties  have  improved.  The  layers  are  heavily  contaminated  with  carbon  and 
oxygen,  as  determined  from  mass  spectrometric  analyses.  Photoluminescence 
measurements  have  indicated  the  presence  of  silicon  as  a  major  impurity. 
The  impurities,  carbon,  oxygen  and  silicon,  appear  to  be  associated  with 
reactions  between  the  graphite  growth  cell,  dry  high  purity  H2,  and  the 
fused  quartz  reactor  tube.  The  Ga  and/or  GaAs  may  also  take  part  in 
these  reactions.  However,  at  the  growth  temperatures  around  700°C,  with¬ 
out  the  latter,  carbon  and/or  silicon  are  deposited  around  the  graphite 
boat  and  in  cooler  parts  of  the  system. 

Over  100  GaAs  layers  were  grown  during  the  past  six  month  period. 

The  source  of  the  impurities,  however,  has  not  been  ascertained.  Two 
systems,  composed  of  a  quartz  reactor,  graphite  cell  and  H2,  were  sys¬ 
tematically  changed  and  varied,  but  the  cause  has  not  been  localized. 
Cleaning  procedures,  growth  and  bakeout  temperatures,  graphite  cells, 
hydrogen  purifiers,  sources  of  Ga,  GaAs  source,  GaAs  substrates,  etc., 
have  all  been  modified  but  to  no  avail.  Typical  results  from  a  series 
of  four  growths,  associated  with  a  specific  change  in  the  growth  system, 
is  shown  in  Table  II-l.  In  this  case,  the  graphite  cell  was  vacuum  fired 
at  1500°C,  the  reactor  was  fired  at  1000°C  with  02,  and  then  the  cell 
and  reactor  were  fired  together  at  700°C  with  purified  H2>  New  Ga  and 
GaAs  source  materials  were  added  to  the  system  for  a  bakeout  at  700° C 
under  H,,.  The  series  of  growths  that  followed  had  a  saturation  tempera¬ 
ture  of  700°C.  The  principal  characteristic  of  every  series  attempted  was 
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that  the  second  or  third  growths  had  the  highest  mobilities  and  the 
lowest  carrier  densities.  There  were  no  continuous  trends  to  succes¬ 
sively  better  results.  However,  by  increasing  the  saturation  tempera¬ 
ture,  e.g.,  to  800°C,  the  electrical  properties  will  <mj-rove  and  appear 
to  have  the  same  degree  of  electrical  compensation.  This  effect  is  now 
under  further  investigation.  Long  tern,  high  temperature  bakeouts  above 

700 JC  in  between  growths,  however,  severely  degrade  the  electrical 
properties. 

No  improvements  in  the  electrical  properties  were  noted  when  the 
following  modifications  were  made  to  the  materials  used  o  •  to  the  system: 
high  density  graphite  or  pyrolytic  graphite,  new  and  purified  by  the 
manufacturer  or  used  and  purified  at  our  facilities;  new  or  old  H2  puri¬ 
fiers  from  different  manufacturers,  He-leak  checked  to  better  than  10-12 
atm-cc/sec;  new  or  old  fused  quartz  reactor  tubes,  carefully  cleaned, 
flame  polished  or  not;  and  glass  to  metal  seals,  He-arc  welds  and  gland 
fittings  with  Ni  gaskets  or  viton  0-ring  seals  and  stainless  steel  swage 

fittings  at  every  joint  in  the  system,  He-leak  checked  to  better  than 
-12 

10  atm-cc/sec. 

By  the  process  of  elimination  of  various  changes  in  the  growth 
system,  several  factors  in  our  systems  remain  unresolved: 

(1)  reduction  of  fused  quartz  by  extremely  dry  pure 


SiO, 


(s) 


+  H, 


(8) 


-*■  SiO 


(g) 


H2°(g) 


and/or 


SiO, 


(8) 


+  2H, 


■<8> 


Si 


(8) 


2H2°<g) 
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(2)  reduction  of  quartz  by  graphite 


°(s)  +  «1*2  *  C0(g)«10(i) 


and/or 


°(.)  +  S102(s)  *  CG2(g)  +  S1(8)  « 


and  (3)  reactions  that  combine  (1)  and/or  (2)  with  Ga 


GS«>  +  2H2°(g)  *  Ga2°(B)  +  2H2 


(g) 


and/or 


2G“(«  +  C°(g)  *  Ga2°(.)  +  CC») 

and/or 

2G*«)  +  Si°(g)  ’  Ga2°(s)  +  S1(.)  • 

Some  of  these  reactions  are  normally  not  considered  energetically  possible 
based  on  thermo-equilibrium  calculations.  However,  they  might  occur  if 
(a)  under  extremely  pure  conditions  some  form  of  surface  catalysis  takes 
place  or  (b)  there  are  some  residual  oxides  present  to  setup  a  cyclic 
process  that  will  introduce  C,  0  and  Si  onto  the  epitaxial  growths. 

A  conceivable  sequence  of  reactions  that  might  take  place,  without 
Ga  or  GaAs,  is  the  following:  (1)  loosely  bound  Si02  on  the  walls  of  the 
fused  quartz  reactor  tube  is  reduced  by  H2, 

2(g)  2(s)  <«>  2  (8>  *  (1) 

creating  water  vapor;  (2)  the  water  vapor  reacts  with  the  carbon, 
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(2) 


H2°(g)  +  C(s)  "  C0<8)  +  H2(g)  » 

creating  carbon  monoxide;  (3)  the  carbon  monoxide  reacts  with  the  silicon 
monoxide  of  reaction  (1) , 

C0<8>  +  S1°(8)  ’  C02(g)  +  S1(s)  >  <» 

creating  silicon  which  will  condense  in  cooler  portions  of  the  reactor; 
and  (4)  the  reaction  becomes  cyclic  when  the  C02  from  reaction  (3)  reacts 
with  the  carbon. 


+  C 


(s) 


2C0 


(g) 


(4) 


creating  CO  which  will  in  turn  react  with  SiO  from  reaction  (1).  This 
cyclic  process  will  not  appreciably  deplete  the  carbon  source.  The  fused 
quartz,  on  the  other  hand,  will  only  be  chemically  attacked  until  the 
loosely  bound  Si02  is  depleted.  Thus  this  sequence  of  reactions  should 
only  exhibit  a  finite  reaction  period.  This  process  may  have  occurred 
when  a  highly  flame  polished  fused  quartz  reactor  tube  was  baked  out  with 
a  pyrolytic  graphite  boat  at  800°C.  After  10  hours  a  heavy  black  deposit, 
apparently  silicon,  condensed  onto  cooler  regions  of  the  reactor,  princi¬ 
pally  around  the  quartz  spade  supporting  the  graphite  cell.  The  deposit 
decreased  with  further  baking  and  disappeared  completely  when  Ga  was 

introduced  into  the  graphite  cell.  The  subsequent  growths  had  carrier 

16  -3 

densities  in  the  10  cm  range  and  very  low  mobilities. 

A  carbon  reaction  in  the  growth  system  is  also  indicated  by  two  ad¬ 
ditional  experimental  observations:  (1)  When  an  all  quartz  system  is 
used,  i.e.,  the  graphite  cell  replaced  by  a  fused  quartz  cell,  the 
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electrically  active  compensation  changes  and  the  carrier  densities  are 
15  -3 

in  the  low  10  cm  range;  and  (2)  when  the  GaAs  source  and  two  succes¬ 
sive  growths  were  analyzed  by  mass  spectrometry,  Table  II-2,  the  carbon 
content  increased  3X  and  the  oxvgen  decreased  3X,  paralleling  the  in¬ 
crease  in  carrier  density,  7.2xl015  to  3.4xl016  cm-3,  while  the  total 
impurity  content  decreased  only  20Z.  The  impurity  content,  however,  may 
be  misleading  in  that  part  of  the  content  included  the  substrate— the 
layers  were  only  lOym  thick.  A  photoluminescence  spectrum  showed  a  mas¬ 
sive  Si  peak  in  growth  435  compared  to  434.  Thus  the  analysis  in 
Table  II-2  may  correspond  principally  to  the  impurity  content  in  the  Cr 
doped  semi-insulating  substrate. 

C.  PROPOSED  FUTURE  WORK 

The  principal  objective  for  the  remainder  of  this  contract  will  be 
to  solve  the  impurity  problem  so  that  reproducible  high  electrical  quality 
layers  can  be  obtained.  Several  changes  in  the  growth  systems  are 
already  underway:  (1)  use  of  pyrolytic  BN,  Al^  and  Si02  growth  cells; 

(2)  replacement  of  the  fused  quartz  reactor  tube  with  a  high  purity 
ceramic  Al^  tube;  (3)  use  of  purified  Ar  in  place  of  purified  H2;  and 
(4)  use  of  an  02  analyzer  to  monitor  the  output  of  the  reactor.  Both 
A1203  and  BN  are  more  stable  to  Ga  and  GaAs,  and  Ar  should  reduce  the 
reduction  of  fused  quartz.  The  purity  of  these  new  materials  is  in 
question,  however,  their  stability  may  provide  a  key  advantage.  An  02 
analyzer  has  been  designed,  and  the  parts  and  equipment  are  available. 

This  should  be  extremely  useful  for  tne  evaluation  of  the  growth  reactions. 
Further,  mass  spectrographic  analyses  will  also  be  made  to  identify  the 
reacting  species. 
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Since  some  of  Che  present  GaAs  growths  still  meet  specific  property 
and  dimensional  requirements  for  the  device  program,  the  growth  program 
will  maintain  a  flexible  capability  to  meet  these  commitments.  Improved 
materials  will  also  be  made  immediately  available  to  this  program. 

A  continued  effort  will  be  made  to  (1)  develop  n+  layers  for  elec¬ 
trical  contacts;  (2)  study  the  variables  that  control  growth  in  the 
liquid  phase  process;  and  if  time  p,.  rmiti'  (3)  develop  heteroepltaxial 
techniques  to  grow  epitaxial  GaAs  layers  on  Al^O^  and  BeO  substrates. 
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TABLE  II-l 


Electrical  Properties  at  300°/77°K 


Growth  No . 

Mobility 

2 

(cm  /V-sec) 

465 

4900/17,700 

466 

6110/32,100 

467 

6090/23,900 

468 

4600/15,000 

Carrier  Density 
(cm“3) 


9.7/6.4xlOJ 
2.6/2.1xl0] 
7.4/5.6xl03 
14/9. 7xl03 


Growth  No. 

Mobility 

2 

(cm  /V-sec) 

Carrier  Density 
(cm-3) 

465 

4900/17,700 

9.7/6.4xl015 

466 

6110/32,100 

2.6/2.1xl015 

467 

6090/23,900 

7.4/5.6xl015 

468 

4600/15,000 

14/9. 7xl015 

TABLE  II-2 

Bell  &  Howell  Mass  Spectrometric  Analysis  of  GaAs 


Element 


GaAs  Source  Growth  #434**  Growth  H35 

_ (parts  per  million  atomic) 


GaAs  spectrum  interferes  with  Na  lines 
Electrical  properties  at  300°/77°K 

*  434  6510/22,900  (cr2/V-sec) 

*  435  4420/12,200  (cm2/V-sec) 


7.2/5.5xl0I5(cm"3) 

3.2/1.9xlOl6(cm"3) 


III.  APPLICATIONS  OF  COMPOUND  SEMICONDUCTOR  MATERIALS 

G.  S.  Kino,  S.  Kofol  and  R.  Bisio 

A  first  batch  of  GaAs  traveling  wave  amplifiers  with  Schottky- 
barrier  input  gates  was  designed  and  fabricated;  their  configuration  and 
the  fabrication  sequence  were  illustrated  in  the  previous  report.  A 
typical  I-V  characteristic  of  the  devices  is  shown  in  Fig.  1.  Incoherent 
oscillations  were  present  at  voltages  slightly  higher  than  the  threshold 
voltages.  All  of  the  devices  were  tested  from  2  to  10  GHz  with  the  cir¬ 
cuit  shown  in  Fig.  2.  All  devices  tended  to  oscillate.  The  capacitive 
coupling  from  input  to  output  was  relatively  large  due  to  poor  shielding, 
so  that  the  input-output  loss  of  the  device  with  no  drift  field  applied 
was  only  of  the  order  of  13  dB.  However,  although  we  would  observe  a 
change  in  output  level  of  a  few  dBs  at  7.5  GHz  when  the  drift  field  was 
raised  above  threshold,  it  appeared  that  the  coupling  of  the  input  signal 
into  the  device  was  extremely  weak,  and  that  changes  in  the  external 
circuit  had  very  little  effect  on  the  broadband  oscillations  present  fn 
the  7-12  GHz  range. 

A  new  design  of  the  amplifier  was  then  carried  out.  The  main  fea¬ 
tures  of  the  new  design  are:  reduced  epi-layer  thickness  of  1-4  lim;  a 
reduced  value  of  the  nd  product  to  1-3  x  1011cm-2;  input  and  output 
Schottky-barrier  gates;  Schottky-barrier  ohmic  contact  extensions  to 
control  the  dc  field  distribution;  and  mesa  etching  around  the  active 
device,  so  that  bigger  input  and  output  gate  bonding  pads  could  be 
placed  on  the  semi-insulating  substrate  and  yet  have  a  small  capacitance 
to  ground.  A  drawing  of  the  new  design  is  shown  in  Fig.  3.  The  thickness 
of  the  Si02  layer  it  3000-6000  A.  The  width  of  the  device  is  500-100  ym 
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and  the  other  dioenaions  are  shown  in  the  bJo.,~up  0f  pig,  4  for  ^ 
different  sets  of  devices. 

The  mesa  etching  procedure  was  first  investigated  using  a  (lll)B 
orientation.  We  were  able  to  obtain  reasonable  slopes  for  the  mesa 
profile,  as  shown  in  Fig.  5,  so  that  the  gate  metallization  did  not  suffer 
cracks  crossing  the  mesa  step.  The  (100)  orientation  was  alao  investiga¬ 
ted.  since  it  is  easier  to  obtain  material  with  this  orientation.  In  this 
case,  he  mesa  profile  depends  strongly  on  the  orientation  of  the  mesa 

step  on  the  (100)  face.  Reasonable  slopes  were  obtained  for  mesa  oriented 
along  the  (Oil)  axis. 

The  construction  of  these  devices  has  been  delayed  severely  owing 
to  difficulty  in  obtaining  the  required  epitaxial  material.  Moreover, 
we  have  been  experiencing  difficulties  with  the  process  for  making  ohmic 
contacts,  which  had  worked  perfectly  with  all  our  previous  material. 

A  first  attempt  was  made  using  material  provided  by  the  Center  of 
Material  Research:  CMR-283-TG,  (lll)B,  thickness  0.8  y»,  carrier  density 
2xl015  o»"3.  CMR-291-TG,  (lll)B,  thickn...  2.8  y»,  c.rri.r  concentra¬ 

tion  1x10 J5.  The  Ag-In-Ge  contacts  did  not  work  for  these  two  samples. 

We  checked  out  procedure  for  making  ohmic  contacts  processing  simulta¬ 
neously  these  two  semples  together  with  some  other  samples  from  CMR, 
Fairchild,  end  Monsanto.  Ohmic  contacts  could  be  made  perfectly  to  all 
the  samples  but  CMR-283-TG  and  CMR-291-TG. 

A  second  attempt  was  made  using  material  purchased  iron  Varian 
Aj.ocl.tM t  Vjrlan  N-44-A,  <U1)B,  thicta...  1.76  u».  c.rrl.r  d.n.ity 

15  _3 

1.5x10  cm  .  In  this  case  it  was  again  not  possibls  to  make  good 
ohmic  contacts.  Several  attempts  were  made  using  different  methods  of 
evaporation  and  alloying.  The  problem  proved  to  be  extremely  elusive, 
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since  we  were  still  successful  in  our  trials  with  thicker  layers  but 
could  not  make  ohmic  ( *>ntacts  to  the  thinner  materials . 

A  third  attempt  was  made  with  another  sample  bought  from  Varian 
Associates:  Varian  N-86-A,  (100),  thickness  2.5  ym  then  reduced  to 
1.5  um  by  chemical  etch,  carrier  density  2.4xl0l5  cm”3.  This  time  the 
ohmic  contacts  were  deposited  at  Varian  Associates,  and  at  Hewlett- 
Packard.  The  alloys  used  were  the  same,  Au-Ga,  but  the  procedures  were 
quite  different.  The  contacts  were  still  not  ohmic;  they  were  sensitive 
to  light  and  showed  premature  current  saturation.  An  analysis  of  the 
I-V  curves  vs.  temperature  seemed  to  indicate  that  an  unusually  high 
concentration  of  traps  at  the  interface  between  the  apltaxlal  layer  and 
the  semi-insulating  subatrate  could  bo  responsible  for  the  difficulties 
encountered  in  making  ohmin  contacts ,  the  affect  of  the  traps  being 
reletively  more  important  in  thin  epitaxial  layers. 

We  are  now  making  new  attempts  to  construct  a  device  from  a  thicker 
epitaxial  layer. 
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FIGURE  CAPTIONS 


Figure  HI-1.  I-V  characteristic  of  the  GaAs  amplifier,  taken  between 
floating"*1  dr*in’  With  the  input  Schottky-barrier  gate 

Figure  III-2.  RF  testing  circuit  for  the  GaAs  amplifier. 

Figure  HI-3.  Schematic  view  of  the  GaAs  amplifier  with  Schottky-barrier 
input  and  output  gates.  (A)  semi-inaulating  GaAs  substrate* 
(B)n- type  GaAs  epitaxial  layer ;(C)  ohmic  contacts; (D, ) 
Schottky-barrier  contact  extension;(D_)Schottky-barrier 
gates ;(E)  insulating  layer;(P)  insulaled  gate. 

Figure  III-4.  Blow-up  of  the  center  section  of  the  amplifier. 
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I-V  characteristic  of  the  GaAs  amplifier,  taken  between 
source  and  drain,  with  the  input  Schottky-barrier  gate 
floating. 


Figure  III-3, 


Schematic  view  of  the  GaAs  amplifier  with  Schottkv-barrier 
input  and  output  gates.  A-semi-insulating  GaAs  .ubstSte- 
B-n-tyPe  GaAs  epitaxial  layer;  C-ohmic  contacts-  D  -I  ’ 

or-ClrTrJrr  COlU'act  cxtensior»;  I)  Schottky-barrLr 
gates;  E— insulating  layer;  F — insulated  gate/ 
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RELATIONS  BETWEEN  DISLOCATIONS  AND  MECHANICAL  PROPERTIES  AND  THE 
PRODUCTION  AND  CHARACTERIZATION  OF  DEFECT  STRUCTURES  IN  COMPOUND 
SEMICONDUCTORS 

R.  H.  Bube,  W.  D.  Nix  and  A.  L.  Lin 
A.  PROGRAM  OBJECTIVE 

One  of  the  objectives  in  this  part  of  the  jearch  program  is  to 
devise  techniques  for  modifying  and  characterizing  the  line  defect 
structures  in  compound  semiconductors,  particularly  GaAs,  through  high 
temperature  mechanical  deformation  Our  previous  measurements  of  elec¬ 
trical  conductivity,  Hall  and  photo— Hall  effect,  photoconductivity  and 
thermally  stimulated  conductivity  indicate  that  the  electrical  properties 
are  affected  more  by  the  heating  .* cess ary  to  achieve  bending  than  by 
the  bending  itself,  and  that  the  properties  are  controlled  primarily  !■* 
the  imperfections  present  in  the  crystal  rather  than  by  deformation- 
induced  dislocations.  We  did  find,  however,  that  the  photo-excited 
carrier  lifetime  and  Hall  mobility  were  appreciably  changed  by  heating 
and  bending.  To  Interpret  these  data  more  fully,  we  have  concentrated 
on  an  understanding  of  the  photoconductivity  characteristics  of  high- 
reslstlvlty  GaAs  itself. 

One  of  the  major  impressions  received  by  surveying  the  literature 
and  our  own  measurements  on  high- resistivity  GaAs:Cr  and  GaAs:0  is  that 
a  relatively  large  number  of  imperfection  levels  are  common  to  almost  all 
high-resistivity  GaAs,  regardless  of  the  specific  method  of  preparation, 
even  if  this  method  is  labeled  "no  intentional  impurities  added."  For 
example,  five  trapping  states  with  depths  between  0.2  and  0.4  eV  have 
been  identified  and  reported  in  "pure"  high-rusistivity  GaAs,  high- 
resistlvlty  GaAs :Cr  and  GaAs:0.  These  trapping  states,  as  well  as  a 
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number  of  others,  appear  to  be  independent  of  the  specific  method  used 
to  achieve  high  resistivity. 

Although  a  number  of  investigations  of  the  properties  and  associated 
energy  levels  of  high-resistivity  GaAs:Cr  have  been  carried  out,  there 
is  still  some  confusion  about  the  location  of  the  associated  levels  and 
the  mechanism  of  the  photoconductivity  process.  A  number  of  investiga¬ 
tions  to  datf.  are  summarized  in  Table  I. 

B.  PROGRESS:  HIGH  RESISTIVITY  GaAs:Cr 

1 .  Materials 

All  samples  of  GaAssCr  were  grown  by  the  sealed  Czochralski  tech¬ 
nique  and  were  purchased  from  Bell  ard  Howell  Co.  Three  as-grown  samples 
(I24A,  136,  and  141)  were  cut  from  different  places  in  the  same  ingot. 

The  heated  sample  (I24B)  and  the  deformed  sample  (125)  described  partially 
in  previous  reports  were  cut  from  the  same  place  in  the  ingot  as  sample 
I24A.  An  additio-al  as-grown  sample  (112)  was  cut  from  a  different  ingot 
for  comparison.  Typical  impurity  contents  in  the  ingots  are  summarized 
in  Table  II,  as  determined  by  mass  spectrographic  analysis.  Although  the 
material  has  been  doped  intentionally  only  with  Cr,  it  may  be  noted  that 
concentrations  of  C,  0,  Na,  A1  and  S  are  of  the  same  order  of  magnitude. 

Table  III  shows  a  summary  of  the  measurements  made  on  each  as-grown 
sample  of  GaAs:Cr. 

2.  Photocurrent  Oscillations 

The  upper  Insert  in  Fig.  1  shows  the  I-V  characteristics  of  sample 
I24A  at  2958K  in  the  dark  and  at  82#K  under  intrinsic  photoexcitation. 

The  boundaries  of  the  cross-hatched  region  represent  the  maximum  and 
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minimum  values  of  the  oscillating  photocurrent  observed  at  82°K.  The 
oscillation  occurs  in  a  range  where  the  photocurrent  has  saturated  with 
applied  field,  as  is  common  in  such  phenomena.  For  an  electric  field  of 
47  V/cm,  oscillations  occur  for  photoexcitation  with  wavelength  either 
0.83y  <  X  <  1.06m,  or  1.39m  <  X  <  1.48m,  i.e.,  near  uhe  two  maxima  in 
the  photoconductivity  spectral  response,  corresponding  to  intrinsic  and 
extrinsic  excitation  respectively.  The  curves  of  Fig.  1  show  the  varia¬ 
tion  of  oscillation  frequency  and  amplitude  with  applied  field  and  light 
intensity.  Such  phenomena  s^em  to  result  from  a  field-dependent  trapping 
effect,  but  no  direct  evidence  to  this  effect  is  yet  available  because 
of  a  lack  of  detailed  knowledge  about  the  imperfection  levels  present. 

3.  Dark  Conductivity  and  Hall  Effect 

The  activation  energy  for  the  variation  of  dark  conductivity  with 
temperature  for  the  four  as-grown  GaAs:Cr  samples  is  0.68  ±  0.01  eV. 

The  Hall  mobility  is  approximately  independent  of  temperature  in  the 
range  280°-330°K,  but  decrea-ies  with  decreasing  temperature  below  280°K. 
The  required  np  product  to  account  for  this  decrease  in  Hall  mobility  by 
a  two-carrier  effect  is  at  least  three  orders  of  magnitude  larger  than 
the  n±  value  for  GaAs,  thus  indicating  that  a  simple  two-carrier  effect 
cannot  account  for  the  low  temperature  decrease  in  Hall  mobility.  The 
location  of  the  Fermi  level  for  each  sample  at  300°K,  calculated  from 
the  Hall  coefficient,  is  given  in  Table  IV. 

4.  Photoconductivity  Spectral  Response 

The  spectral  response  of  photoconductivity  and  Hall  mobility  are 
given  in  Figs.  2a  and  2b  for  measurements  at  295°K,  and  in  Figs.  3a  and 
3b  for  measurements  at  82«K.  Intrinsic  photoexcitation  produces  a 
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maximum  at  1.43  eV  at  295°K  and  at  1.48  ±  0.03  eV  at  82°K;  extrinsic 
photoexcitation  produces  a  maximum  at  0.9  eV  at  2956K  and  at  0.86  eV 
at  82°K.  The  photoconductivity  minimum  which  occurs  at  1.0  eV  at  295°K 
is  actually  dominated  by  hole  conductivity  at  82°K.  The  missing  data 
between  1.3  and  1.45  eV  occur  in  a  range  in  which  the  measured  value 
depends  on  previous  sample  history  with  very  long  time  constants. 

5.  Photoconductivity  vs.  Temperature 

The  temperature  dependence  of  plioto:or.ductivity  for  intrinsic  photo¬ 
excitation  (at  the  photoconductivity  maximum)  and  the  associated  photo- 
Hall  mobility  are  given  in  Figs.  4a  and  4b.  Similar  data  for  extrinsic 
photoexcitation  (again  at  the  photoconductivity  maximum)  are  given  in 
Figs.  5a  and  5b.  Apparent  activation  energies  for  the  various  samples 
and  modes  of  photoexcitation  are  summarized  in  Table  IV. 

The  temperature  dependence  of  the  photoconductivity  and  photo-Hall 
mobility  for  extrinsic  excitation  at  1.11  eV  are  shown  in  Figs.  6a  and 
6b.  The  temperature  at  which  the  photo-Hall  mobility  changes  sign  is 
also  listed  in  Table  IV. 

6.  Photoconductivity  Models 

It  is  evident  from  the  above  results  that  we  are  dealing  with  a 
multilevel  (probably  a  minimum  of  3  levels)  system  with  a  delicate  balance 
between  n-  and  p-type  conductivity.  The  various  samples  measured  indicate 
different  stages  along  this  balance  and  the  detailed  data  should  provide 
a  guide  to  interpretation.  The  essential  qualitative  features  of  the 
model  were  described  in  the  previous  report  and  need  not  be  repeated  here. 

The  temperature  dependence  of  photoconductivity  shown  in  Figs.  4 
and  5  has  been  reported  in  other  investigations  of  various  types  of  high- 


resistivity  GaAs  crystals.  For  example,  in  measurements  on  "pure"  high- 
resistivity  GaAs,  Bube  and  MacDonald*^  report  three  crystals  for  which 
the  In  photoconductivity  increases  linearly  with  1/T.  Effective  activa¬ 
tion  energies  for  photoconductivity  lie  between  0.077  and  0.100  eV; 
photo-Hall  measurements  show  that  the  activation  energies  for  electron 
density  lie  between  0.083  and  0.095  eV.  Data  on  8  other  n-type  high- 
resistivity  crystals  in  the  same  report  indicate  photoconductivity  activa¬ 
tion  energies  between  0.072  and  0.105  eV.  Omelianovaki16  hss  shown  that 
the  In  photoconductivity  Increases  linearly  with  1/T  in  GaAs:0  with  ef¬ 
fective  activation  energy  of  0.06  -  0.07  eV.  Instances  in  high-resistivity 
GaAs  crystals  in  which  the  In  photoconductivity  decreases  with  1/T  (like 
those  sho^n  in  Fig.  6)  have  bean  reported  in  p-type  GaAs:Si:Cu  crystals 
by  Blanc  et  al.17  The  spread  of  effective  activation  energies  ia  large 
but  many  values  in  the  range  of  0.08  -  0.11  eV  are  reported.  The  effec¬ 
tive  activation  energy  for  several  of  the  curves  shown  in  Fig.  6  is  of 
the  order  of  0.06  eV.  A  previous  attempt  to  integrate  these  results  sug¬ 
gests  that  centers  lie  0.09  eV  above  the  valance  band  which  act  as 
sensitizing  centers  for  n-type  photoconductivity  and  recombination  centers 
for  p-type  photoconductivity.  The  fact  that  this  activation  energy  sp- 
pears  to  be  varying  in  a  systematic  way  in  our  present  samples  of  GaAs:Cr 
(as  seen  in  Figs.  4,  5  and  Table  XV)  cugges,  however,  that  the  location 
of  a  single  discrete  level  is  not  responsible  for  this  behavior. 

We  are  in  the  process  of  exploring  a  number  of  fundamental  photo¬ 
conductivity  models  with  1  or  more  recombination  levels  dominating,  and 
for  intrinsic  or  extrinsic  photoexcitatibn.  A  1-level  model  in  the 
large-signal  Shockley-Rtjd  treatment  provides  a  mechanism  for  a  variation 
of  la  photoconductivity  increasing  with  1/T;  such  a  variation  occurs  for 


n-type  photoconductivity  if  tb«j  level  lies  below  the  dark  Fermi  level, 
and  it  occurs  for  p-type  photoconductivity  if  the  level  lies  above  the 
dark  Fermi  level.  In  either  case  the  activation  energy  corresponds  to 
the  positive  difference  between  the  energy  of  the  recombination  level 
and  the  energy  of  the  Fermi  level,  and  the  photoconductivity  is  pre¬ 
dicted  to  vary  linearly  with  light  intensity. 

General  expressions  can  be  readily  derived  for  the  photoconductivity 
behavior  of  multilevel  systems  for  intrinsic  or  extrinsic  photoexcitation. 
The  difficult  step  in  the  final  solution  of  each  problem  is  the  derivation 
of  the  relationship  between  the  photoexdted  electron  density  and  the 
photoexcited  hole  density.  To  apply  the  approach  of  calculating  the 
change  in  occupancy  of  each  level  to  account  in  a  detailed  way  for  the 
difference  between  An  and  Ap,  as  is  done  in  the  Shockley-Read  model  above, 
requires  extensive  calculations.  Another  method  of  establishing  the 
relationship  between  An  and  Ap,  which  may  be  useful  in  certain  cases,  is 
to  attempt  to  derive  this  relationship  from  simple  charge  neutrality  con¬ 
siderations,  assuming  that  two  or  more  of  the  levels  Involved  determine 
tho  location  of  the  equilibrium  Fermi  level  and  that  the  relationship 
between  dark  electron  and  hole  densities  can  be  used  also  in  photoexcita¬ 
tion  for  a  relationship  between  An  and  Ap.  When  this  approach  is  applied 
to  a  2-level  model  with  levels  lying  (below  the  Fermi  level)  and  Eg 
(above  the  Fermi  level)  below  the  conduction  band,  the  In  photoconductivity 
is  predicted  to  decrease  linearly  with  1/T  with  an  activation  energy  of 
either  Eg/2  or  (Ej-Ec+2Eg)/2,  whichever  is  the  larger,  and  the  photo¬ 
current  is  predicted  to  vary  as  the  square-root  of  the  excitation  intensity. 
Similar  models  will  be  explored  further. 
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C.  PROGRESS:  HIGH  RESISTIVITY  GaAa:0 

Characterizing  measurements  were  made  on  a  crystal  of  high-resistivity 
GaAs:0  for  three  reasons:  (1)  to  sfie  whet  characteristic  differences,  if 
any,  existed  between  hlgh-reslstlvlty  GaAs:Cr  and  GaAs:0;  (2)  because 
preliminary  investigation  of  photoconductivity  in  GaAs:0  crystals  had 
already  been  carried  out  by  Omelianovski;  and  (3)  because  a  concurrent 
investigation  of  defect  states  in  GaAs:0  by  electrotrensmisaion  methods 
is  being  undertaken  here  by  Jonath.18 

1.  Materials 

The  crystals  of  GaAs:0  used  were  grown  by  the  Monsanto  Co.,  St. 
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Louis.  Attempts  were  made  to  very  the  incorporated  oxygen  impurity 
concentration  by  varying  the  oxygen  pressure  in  the  reactor  tube  during 
the  crystal  growth;  bass  spectrogrephic  analysis  of  the  crystals  used, 
however,  indicates  only  about  5  ppm  of  Incorporated  oxygen  impurity. 

2  Photocurrant  Oscillations 

At  82*K  under  intrinsic  photoexcitation,  the  I-V  characteristic  is 
ohmic  up  to  about  90  V/cm  and  oscillations  are  observed  at  about  120  V/cm. 

3.  Dark  Conductivity  and  Hall  Effect 

The  activation  energy  measured  from  the  temperature  dependence  of 
dark  conductivity  is  0.47  eV  between  295*  and  330*K.  As  in  the  CaAa:Cr 
sample,  the  Hall  nobility  is  constant  over  this  temperature  range  and 
then  decreases  with  decreasing  temperature  below  this  range.  The  Fermi 
level  location  calculated  from  the  Hall  coefficient  at  300*K  is  0.58  eV. 
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4.  Photoconductivity  Spectral  Response 

Figure  7  shows  the  spectral  response  curves  for  photoconductivity 
and  photo-Hall  mobility  measured  at  295°  and  213°K.  The  curve  at  213#K 
differs  only  slightly  from  that  at  295°K. 

The  spectral  response  curve  measured  at  82#K  is  quite  different. 
Figure  8a  and  8b  shows  the  spectral  response  for  photoconductivity  and 
photo-Hall  mobility  as  measured  3  min  and  15  min  after  photoexcitation 
(very  long  time  constants  over  part  of  spectral  range)  in  two  different 
ways.  (1)  measuring  from  high  to  low  photon  energy  on  a  previously 
heated  and  cooled  (in  the  dark)  crystal,  and  (2)  measuring  from  low  to 
high  photon  energy  on  a  previously  heated  and  cooled  (in  the  dark) 
crystal.  The  results  can  be  interpreted  to  indicate  two  states  for  the 
crystal:  a  higher  sensitivity  n-type  state  (except  for  the  range  between 
1.1  and  1.2  cV)  which  Is  encountered  at  high  ensrgles  when  measuring  from 
high-to-low  photon  energies,  and  is  encountered  at  low  energies  when 
measuring  from  low-to-high  photon  energies,  i...,  over  that  portion  of 
the  spectral  range  encountered  before  exposing  the  sample  to  wavelengths 
in  the  1.0-1. 3  eV  range;  and  a  lower  sensitivity  p-type  state  to  which 
the  higher  sensitivity  n-type  state  is  reduced  by  exposure  to  1.0-1. 3  «v 
Photons.  The  photoconductivity  in  the  p-type  state  is  about  two  orders 
of  magnitude  smaller  than  that  in  the  n-typ.  state.  Comparison  of  the 
low-temperature  spectral  response  for  CaAs:0  with  that  for  GaAs:Cr  in 
Fig.  3  indicates  qualitative  similarity  with  soma  quantitative  differences. 

5.  Photoconductivity  vs.  Temperature 

Figures  9a  and  9b  show  the  temperature  dependence  of  photoconductivity 
and  photo-Hall  mobility  for  intrinsic  excitation.  The  upper  curve 
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represents  the  crystal  In  its  high-sensitivity  state.  The  behavior  is 
very  similar  to  the  curves  of  Fig.  A  for  the  CaAsrCr  crystal,  and  the 
effective  activation  energy  is  0.0b6  eV.  The  lower  curve  represents  the 
temperature  variation  of  photoconductivity  in  a  low-sensitivity  state 
induced  by  exposure  to  1.08  eV  radiation  for  1  hr  at  82*K.  This  quench 
ing  process,  as  described  below,  is  very  long  lived  at  low  temperatures, 
and  the  low-sensitivity  quenched  state  persists  lonr  after  the  removal 
of  the  quenching  radiation.  Upon  heating,  however,  Fig.  9a  shows  a  rapid 
and  dramatic  recovery  from  the  low-sensitivity  quenched  slate  to  the 
uigh-aensitivity  state  when  the  temperature  exceeds  105*K  which  is  com¬ 
pleted  by  122*K.  Reference  to  the  thermally  stimulated  current  curves 
in  Fig.  V-7  of  our  previous  report  shows  that  this  is  the  temperature 
range  in  which  the  first  major  trap  emptying  occurs  in  CaAs:Cr;  data 
for  CaAa:0  indicate  quite  similar  behavior.  We  may  conclude  that  the 
low-temperature  low-sensitivity  quenched  state  which  persists  is  due  to 
a  large  density  of  photoexdted  holes  transferred  to  fast-recombination 
center*  by  the  quenching  radiation,  corresponding  to  electrons  trapped 
in  the  electron  traps. 

6.  Optical  Quenching  of  Photoconductivity 

Figure  10  shows  optical  quenching  spectra  for  GnAarO  at  80*  and 
213*K,  i.e.,  below  end  above  the  critical  temperature  for  the  above  long- 
lived  effect.  The  213*K  spectrum  is  quite  similar  to  that  measured  for 
GaAsiCr  (see  Fig.  V-6  in  our  previous  report),  with  the  possible  shift  by 
0.1  tV  to  higher  energies  for  the  GaAs:0. 

At  80*K  optical  quenching  in  GaAs:0  is  quits  diffsrent  from  that  in 
GaAsjCr.  The  unset  of  optical  quenching  is  at  0.5  sV  with  an  abrupt 
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increase  at  about  0.77  eV.  In  the  spectral  range  from  0.5  to  1.13  eV, 
the  quenching  light  produces  only  quenching  of  the  photocurrent  without 
any  attendant  stimulation;  both  the  quenching  and  recovery  processes  are 
relatively  fast.  When  the  quenching  photon  energy  exceeds  1.13  eV,  how¬ 
ever,  three  processes  are  found:  (1)  a  fast  stimulation,  (2)  a  fast 
quenching,  and  (3)  a  slow  and  very  large  quenching,  corresponding  to  the 
effects  described  above.  At  1.18  eV,  for  example,  the  fast  quenching 
produces  7.5  percent  quenching;  after  1  hr  of  exposure,  the  alow  quenching 
has  produced  98  percent  quenching  with  a  decrease  in  the  Hall  mobility 
from  1.5  x  104  to  1.8  x  102  ca2/V-sac.  If  the  quenching  light  la  turned 
off  after  this  exposure,  leaving  the  intrinsic  primary  photoexcitation  on, 
the  Hall  mobility  increases  to  8  x  102  c«n2/V-sec  and  the  photoconductivity 
lncre.se.  fro.  1.9  x  Iff6  to  2.8  x  ltf6  (ota-c)'1.  Even  after  .  recover, 
period  of  4-1/2  hrs  at  80*K,  the  photoconductivity  ia  only  6.8  x  10~^ 
^onm-cm)  and  the  Hall  mobility  is  only  1.4  x  103  cm2/V-sec. 

D.  FUTURE  WORK:  HIGH  RESISTIVITY  GaAasCr 

(1)  Continued  development  of  a  suitable  model  and  interpretation 
of  thn  data  in  terms  of  that  model. 

(2)  Comparison  of  details  of  heat-treated  and  deformed  samples  of 
GaAs :Cr  with  data  on  as-grown  crystals  with  similar  lifetime 
characteristic,  i.e.,  do  hest-treatment  and  deformation  essen¬ 
tially  do  the  seme  thing  es  happens  in  a  variable  way  in 
samples  taken  from  different  portions  of  an  as-grown  ingot? 

O)  Determination  of  the  cause  of  differences  between  CaAsiCr  and 
GaAs:0. 
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TABLE  II 


Summary  of  Mass  Spectrometric  Analyses  of 
Impurities  Present  in  Cr-Doped  Sealed  System  GaAs 


Element 


Typical  Detection  Limit 
ppma 


Average  Concentration 
ppma 


Li 

0.U! 

<  o.i 

B 

O.OS 

«0.1 

C 

0.05 

1.3 

N 

0.05* 

*0.1 

0 

0.05* 

2.4 

F 

0.05 

<0.1 

Na 

0.5 

2.0 

A1 

0.1 

1-5 

Si 

0.05 

0.5 

P 

0.05 

*0.2 

S 

0.1 

1.4 

Cl 

0.1 

<0.1 

K 

0.1 

<0.5 

Ca 

0.05 

<0.1 

Cr 

0.1 

3.5 

Fe 

0.1 

<0.5 

Ni 

0.1 

<0.5 

Cu 

0.05 

<0.1 

Zn 

0.1 

<0.1 

Note:  All  other  elements  were  not  detected  with  detection  limits 
of  approximately  0.2  ppma. 

*  Plate  sensitivity;  does  not  take  into  account  outgassing  of 
instrument,  oxidized  surfaces,  etc. 
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FIGURE  CAPTIONS 


Figure  IV-1. 

Figure  IV-2a. 
Figure  IV-2b . 

Figure  IV-5a. 
Figure  IV-3b. 

Figure  IV-4a. 
Figure  IV-4b. 

Figure  IV-5a. 
Figure  IV-5b. 

Figure  IV-6a. 

Figure  IV-6b. 

Figure  IV-7. 

Figure  IV-8a. 


Variation  of  oscillation  frequency  and  amplitude  with 
excitation  intensity  and  applied  electric  field  for 
J^,at.82,K*  Jhe  insert  shows  the  I-V  characteristic 
in  the  dark  at  295  K  (lower  curve)  and  under  intrinsic 
photoexcitation  at  82°K.  The  cross-hatched  region 
represents  the.  region  of  oscillations. 


Photoconductivity  spectral  response  curves  at  295°K. 


Varoficf°n  °f  Hal1  mob±llty  with  exciting  photon 
At  295  K,  corresponding  to  the  photoconductivity 
of  Fig.  2a.  3 


energy 

curves 


Photoconductivity  spectral  response  curves  at  82°K. 


Varoooion  °f  Hal1  01015  ility  with  exciting  photon 
at  82  K,  corresponding  to  the  photoconductivity 
of  Fig.  3a.  3 


energy 

curves 


Temperature  dependence  of  dark  conductivity  and  intrinsic 
photoconductivity. 

Temperature  dependence  of  Hall  mobility  under  intrinsic 
photo excitation,  corresponding  to  the  photoconductivity 
curves  of  Fig.  4a.  y 

Temperature  dependence  of  dark  conductivity  and  extrinsic 
photoconductivity,  corresponding  to  extrinsic  maximum. 

Temperature  dependence  of  Hall  mobility  under  extrinsic 
photoexcitation  corresponding  to  extrinsic  maximum,  for 
the  photoconductivity  curves  of  Fig.  5a. 

S„enr2reHe?ende,lCe  °f  dark  conduotivity  and  extrinsic 
photoconductivity,  corresponding  to  excitation  by  1.11  eV 
photons. 


Temperature  dependence  of  Hall  mobility  under  extrinsic 
photoexcitation  corresponding  to  1.11  eV  photons,  for 
the  photoconductivity  curves  of  Fig.  6a. 

Photoconductivity  spectral  response  and  variation  of  photo- 
Hall  mobility  with  photon  energy  at  295°  and  213°k  for 
GaAs :0  crystal. 

Photoconductivity  spectral  response  curves  at  82°K  for 
GaAs:0  crystal:  measured  from  high  to  low  photon  energies 
reading  after  3  min  (o) ,  and  after  15  min  (A) ;  measured 

.»dmaft“r“5  i£  ST  “er8l“’  readl"g  *fter  3  *In 
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Figure  IV-8b.  Photo-Hall  mobility  vs.  photon  energy  for  GaAs:0  crystal 
at  82°K:  measured  from  high  to  low  photon  energies, 
reading  after  3  min  (o) ,  and  after  15  min  (A) ;  measured 
from  low  to  high  photon  energies,  reading  after  3  min  (•) , 
and  after  15  min  (A). 

Figure  IV-9a.  Temperature  dependence  of  photoconductivity  for  GaAs:0 
crystal,  for  intrinsic  photoexcitation  (A);  and  for 
intrinsic  photoexcitation  after  quenching  with  1.08  eV 
photons  for  1  hr  (o)  at  82°K,  measured  while  wanning. 

Figure  IV-9b.  Temperature  dependence  of  photo-Hall  mobility  in  GaAs:0 
crystal,  for  intrinsic' photoexcitation  (A);  and  for 
intrinsic  photoexcitation  after  quenching  with  1.08  eV 
photons  for  1  hr  at  82°K,  measured  while  warming,  cor¬ 
responding  to  curves  of  Fig.  9a. 

Figure  IV-10.  Optical  quenching  spectra  for  GaAs:0  crystal  at  213°K 
and  at  80  K.  The  data  at  213°K  are  for  two  different 
relative  quenching  intensities  of  1  (A)  and  0.4  (o) . 
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Figure  1.  Variation  of  oscillation  frequency  and  amplitude  with  excitation 

■  .  >  ^  «  j  j  _  i _ 4  j  j  T A  0  0®tf  TIia  4  naA' 


intensity  and  applied  electric  fiold  for  1 24 A  at  82  Ke  The  insert 
shows  the  I-V  characteristic  in  the  dark  at  295°K  (lower  curve) 
and  under  intrinsic  photoexcitaticn  at  82°K.  The  cross-hatched 
region  represents  the  region  of  oscillations,  f  ■  1  corresponds  to 
1.7  x  10*4  photons  cm"2  sec"*. 
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Figure  2a.  Photoconductivity  apectral  responae  curves  at  295°K. 
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Figure  2b.  Variation  oi  Hall  aobility  with  exciting  photon  energy  at  295°K 
corresponding  to  the  photoconductivity  curves  of  Figure  2a. 
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3b.  Variation  of  Hall  ■obility  with  exciting  photon  energy  at  82#JC 
correaponding  to  the  photoconductivity  curvea  of  Figure  3a. 
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Figure  4b.  Temperature  dependence  of  dark  conductivity  and  lntrinaic 
photoconductivity. 
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Figure  4b.  Temperature  dependence  of  Hall  mobility  under  intrinsic  photo- 

excitation,  corresponding  to  the  photoconductivity  curves  of  Figure  4a 
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Pi jure  5a.  Temperature  dependence  of  dark  conductivity  and  extrinsic 
photoconductivity,  corresponding  to  extrinsic  aaxinua. 


Figure  5b.  Temperature  dependence  of  Hall  Mobility  under  extrinsic 

photoexcitation  corresponding  to  extrinsic  maxiMun,  for  the 
photoconductivity  curves  of  Figure  5a, 
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Figure  6a.  Temperature  dependence  of  dark  conductivity  and  extrinsic 

photoconductivity,  correaponding  to  excitation  by  1.11  eV  photons 
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conductivity  curves  of  Figure  6a. 
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PHOTON  ENERGY,  eV 


Figure  8a.  Photoconductivity  spectral  response  curves  at  82°K  for  GaAs:0 
*  crystal:  measured  from  high  to  low  photon  energies,  reading  after 

3  min  (o),  and  after  15  min  (  A  );  measured  from  low  to  high  photon 
energies,  reading  after  3  min  (•),  and  after  15  min  (  A  ). 
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Figure  8b.  Photo-Hall  mobility  vs.  photon  energy  for  GaAs:0  crystal  at  82  K: 

measured  from  high  to  low  photon  energies,  reading  after  3  min  (o), 
and  after  15  min  (  A  );  measured  from  low  to  high  photon  energies, 
reading  after  3  min  (•),  and  after  15  min  (  A  ).  oq 
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Figure  9a.  Temperature  dependence  of  photoconductivity  for  GaAstO  crystal, 

for  intrinsic  photoexcix  vtion  (A  );  and  for  intrinsic  photoexcitation 
after  quenching  with  1.00  eV  photons  for  1  hr  (o)  at  82°K,  measured 
while  warming. 
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Figure  9b.  Temperature  dependence  of  photo-Hall  mobility  in  GaAs:0  crystal, 

for  intrinsic  photoexcitation  (  A  );  and  for  intrinsic  photoexcitation 
after  quenching  with  1.08  eV  photons  for  1  hr  at  82°K,  measured 
while  warming,  corresponding  to  curves  of  Figure  9a.  a 
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V.  SCIENTIFIC  ASPECTS  OF  GALLIUM  ARSENIDE  CRYSTAL  PREPARATION 
W.  A.  Tiller  and  Hyo-Sup  Kim 

A.  PROGRAM  OBJECTIVES 

The  objective  of  this  investigation  is  to  develop  an  understanding 
of  the  important  interfacial  parameters  that  govern  the  growth  of  GaAs 
crystals.  The  study  includes  both  the  structures  and  energies  of  the 
solid-liquid  interface  in  the  Ga-As  system  as  a  function  of  (i)  the 
concentration  of  the  liquidus  solution  (at  the  liquidus  temperature)  and 
(ii)  the  orientation  of  the  GaAs  crystal. 

B.  PROGRESS  TO  DATE  AND  PRESENT  STATUS 

Previously,  methods  and  atomic  potential  functions  have  been  evaluated 

„to  jn.’stmfrt  ft  “ij'ojy-iiiuH  tiwtw.. 

Recently,  each  step  has  been  reexamined  and  the  treatment  refined  to  pro¬ 
duce  more  satisfactory  results.  Thus  far,  atomic  interaction  energy 
functions  for  the  Ga-As  system  and  the  quasi-chemical  term  of  the  inter- 
facial  energy  have  been  recalculated. 

1.  Ga-As  System  Atomic  Interaction  Energy  Functions 
For  the  crystal,  the  energy  functions  for  the  short-range  interactions 
have  been  determined  by  utilizing  the  parametric  method  with  additional 
high  temperature  data.  This  allows  the  energy  functions  to  be  effective 
over  the  wide  range  of  temperature  of  interest  in  this  study.  These 
short-range  energy  functions  are  given  in  Fig.  1  along  with  the  satis¬ 
factory  long-range  functions  previously  determined.  For  the  liquid 
solution,  average  energy  functions,  utilizing  new  data,  have  been  deter¬ 
mined  as  a  function  of  solution  concentration  using  the  earlier  method. 


These  energy  fund ions  show  a  satisfying  consistency  over  the  temperature 
range  of  our  interest  and  have  been  tabulated  in  Table  1.  Using  the 
Berthelot  rule,  the  energy  functions  for  the  solid-liquid  interaction 
are  presented  in  Table  2. 


2.  Quasi- Chemical  Contribution 

Using  these  recalculated  energy  functions,  the  previously  described 
quasi-chemical  interaction  term  has  been  calculated  xor  various  tempera¬ 
tures  and  liquid  concentrations.  The  lattice  summation  method  was  used 
in  the  evaluation  of  both  the  solid-solid  and  liquid-liquid  interactions 
whereas  the  layer  summation  method  was  used  for  the  solid-liquid  inter¬ 
action. 

The  excess  energies  contribution  by  the  partial  and  total  liquid- 
liquid  interactions  are  tabulated  in  Table  3  to  show  the  relative  magnitude 


of  the  energies  associated  with  the  1st,  2nd  and  total  layer  interaction. 
For  the  solid-solid  interaction,  the  excess  energies,  Ex,  are  plotted 
as  a  function  of  temperature  in  Fig.  2.  In  addition,  the  quasi-chemical 
contributions  to  the  excess  energy  of  formation,  E°x,  of  the  unrelaxed 
planar  interface  are  shown  in  Fig.  3.  From  Fig.  3,  we  can  see  that  both 
the  anisotropic  features  and  the  temperature  dependence  are  similar  to 

X 

Eg.  The  broken  line  in  the  figure  indicates  an  approximated  Eox  for  the 

SL 

(100) /liquid  interface  with  atomic  roughness  such  that  polarity  has 
disappeared. 


C.  FUTURE  WORK 

The  relaxation  contributions  will  be  considered  to  determine  both 
the  alterations  in  interface  structure  and  energetics.  The  effect  of 


these  characteristics  on  various  interface  kinetic  phenomena  will  also 
be  considered. 
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TABLE  1 


Parameters  for  Interaction  Energy  Functions  for  the  Liquid  Solution 
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(continued) 


ficure  captions 


Figure  V-l. 
Figure  V-2. 

Figure  V**3. 


Atomic  interaction  energy  function*  for  the  CeAs  crystal. 
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Figure  V-l. 
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Figure  V-2 


The  excess  energies  contributed  by  the  solid-solid 
Interactions. 


VI.  VAPOR  PHASE  GROWTH  OF  GaN  ELECTROLUMINESCENT  DIODES 


D.  A.  Stevenson  and  H.  P.  Maruska 


A.  PROGRAM  OBJECTIVES 

As  mentioned  in  previous  reports,  GaN  and  A£N  have  recently  attracted 
Interest  for  their  luminescent  properties  and  piezoelectric  properties, 
respectively.  The  objective  of  this  program  was  to  study  the  influence 
of  growth  parameters  on  the  properties  of  these  materials,  with  parti¬ 
cular  reference  to  their  application  to  devices.  During  the  period 
covered  by  this  report,  a  structure  was  synthesized  in  GaN  from  which 
violet  light  emitting  diode  devices  were  fabricated.  Owing  to  the 
novelty  atd  potential  of  such  devices,  a  major  effort  is  being  devoted 
to  this  topic. 

Other  workers  have  fabricated  light  emltting-dlodes  (LED's)  from  GaN 

that  emit  green  and  blue  light.  The  structure  utilized  is  an  i-n  junc- 

18 

tion,  where  the  n-layer  is  undoped  (but  contains  more  than  10  electrons 
-3 

cm  ,  probably  due  to  a  native  donor  defect)  and  the  i-layer  (intrinsic 
layer)  is  achieved  by  doping  with  Zn  during  growth.  The  Zn  apparently 
forms  a  complex  with  the  native  donor,  and  then  acts  as  a  deep  acceptor 
level. 

No  device  has  yet  been  shown  to  be  capable  of  producing  useful 

l 

electroluminescence  in  the  high  energy  (violet)  end  of  the  visible  spec¬ 
trum.  Since  GaN  has  a  band  gap  of  3.5  eV,  one  may  presume  that  the  in¬ 
corporation  of  an  acceptor  at  less  than  0.5  eV  above  the  valence  band 
would  produce  light  in  this  short  wave-length  region.  In  this  quest  for 
such  an  acceptor,  we  have  synthesized  GaN  with  Mg  doping  additions.  This 
dopent  does  Indeed  produce  insulating  materials,  which  have  been  syn¬ 
thesized  as  a  layer  on  undopad  GaN  to  produce  the  basic  structure  for  the 

violet  light  emitting  diodes. _ _ _  ‘ 
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B.  PROGRESS 


Single  crystal  epitaxial  GaN  layers  were  grown  by  the  open  flow 
vapor  growth  process  previously  described.  Gallium  is  transported  as  its 
gaseous  monochloride  and  the  nitrogen  is  Introduced  into  the  growth  zone 
in  the  form  of  ammonia.  Substrates  were  held  at  a  temperature  of  925°C. 

The  apparatus  was  modified  *~o  allow  dopants  to  be  introduced.  This  was 
done  by  adding  a  quartz  sidearm  tube  perpendicular  to  the  main  growth 
tube,  in  the  region  of  the  center  furnace  zone,  and  just  upstream  of  the 
ammonia  outlet.  The  sidearm  was  equipped  with  its  own  furnace.  A  graphite 
crucible  containing  the  proposed  dopant  in  its  elemental  form  is  lowered 
in  the  sidearm  into  the  furnace  region,  where  it  either  forms  a  vapor  for 
transport  into  the  main  tube,  or  else  a  chloride  vapor  is  formed  by  pass¬ 
ing  HCl  over  the  element.  Doping  is  readily  initiated  or  terminated  by 
raising  or  lowering  the  crucible. 

1.  Zn  Doping. 

Several  layers  of  Zn-doped  GaN  were  grown  on  sappnire  substrates.  No 
change  in  sample  properties  except  color  (which  became  gradually  more 
orange)  was  found  with  increasing  crucible  temperature  until  a  critical 
Zn  vapor  pressure  was  achieved,  at  which  point  the  samples  became  high- 
resistivity.  This  Zn  vapor  pressure  was  10  Torr  (the  top  of  the  crucible 
was  held  at  600° C). 

Point-contact  diodes  were  made  as  follows:  two  wires  were  positioned 
on  the  surface  of  a  sample,  consisting  of  an  i-layer  on  top  of  an  n-layer, 
with  micromanipulators.  A  high  voltage  was  then  applied,  causing  a  burning 
through  to  the  highly  conducting  n-laycr.  This  resulted  in  ohmic  contacts. 
One  contact  was  then  repositioned,  and  about  4-80  volts  applied  to  it. 
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Rectifying  characteristics  were  then  obtained  and  green  light  character¬ 
istic  of  Zn-doping  in  GaN  could  be  seen. 


2.  Mg-Doping 

Mg-doping  was  achieved  by  replacing  the  Zn  in  the  crucible  with  Mg 
and  inserting  it  to  the  720°C  position  in  the  furnace ,  where  the  Mg  vapor 
pressure  is  10  Torr.  These  samples  were  light  yellow  in  color  and  highly 
resistive.  Point  contacts  fashioned  as  described  above  gave  violet  light , 
which  peaked  at  2.92  eV  with  160  volts  applied.  The  light  was  just 
visible  in  a  well-lit  room  if  the  viewer  cast  a  shadow  upon  the  sample 
with  his  hand.  As  far  as  we  are  aware,  this  is  the  first  report  of  elec¬ 
troluminescence,  visible  to  the  eye,  at  this  short  wavelength. 

3.  Light-emit ting-diodes  in  GaN:Mg 

By  varying  some  growth  parameters  and  by  developing  a  contacting 
procedure,  it  was  possible  to  obtain  violet  LED's  which  operated  at  low 
voltages.  After  the  growth  of  an  undoped  n- type  region  for  30  mins 
(about  10y  thick),  the  Mg  crucible  is  lowered  for  6  mins.  Then  it  is 
raised  again,  and  the  growth  continued  for  7  more  minutes.  The  final 
layer  is  not  conducting,  because  the  system  apparently  has  a  memory  for 
the  dopant.  However,  the  doping  level  is  decreased  toward  the  surface, 
and  this  facilitates  contacting.  Without  the  terminal  layer,  it  is  not 
possible  to  make  a  large  area  contact. 

Contacts  to  the  n  and  i  regions  are  made  with  an  indium  amalgam 
(90Z  In-IOZ  Hg) .  This  amalgam  is  a  liquid  at  room  temperature,  and  is 
painted  onto  one  edge  to  form  an  ohmic  contact  to  the  n  region  and  onto 
the  face  of  the  insulating  region.  The  chip  is  then  heated  for  1  min  at 
400° C  to  drive  off  the  mercury,  leaving  solid  indium  contacts.  The 
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devices  were  then  either  glued  to  glass  slides  with  glycol-phthalate 
(sapphire  to  glass)  or  mounted  on  TO-15  transistor  headers  (sapphire  up, 
see  Fig.  1).  Light  is  emitted  from  the  area  under  the  contact  to  the 
i- region,  which  can  be  as  large  as  2mm  x  2mm. 

Electroluminescence  was  obtained  both  with  "forward"  (i-layer  biased 
positive)  and  "reverse"  bias,  although  the  forward  bias  luminescence  was 
more  efficient.  In  the  forward  direction,  substantial  conduction  began 
at  about  10  volts,  and  violet  light,  readily  seen  in  a  well-lit  room,  was 
obtained  at  20  volts.  Under  reverse  bias,  conduction  occurred  in  the 
40-60  volt  range  and  produced  green  light.  Emission  under  forward  bias 
electroluminescence  peaked  in  the  region  of  2.86  to  2.98  eV  in  various 
samples.  The  spectral  width  at  half-maximum  is  about  400  meV.  A  typical 
spectrum  is  shown  in  Fig.  2.  The  peak  has  been  found  to  shift  to  shorter 
wavelengths  with  Increasing  current  until  a  saturation  value  is  reached. 
An  example  of  this  effect  is  shown  in  Fig.  3.  The  light  output  increases 
superlinearly  with  current  but  linearly  with  power  input.  In  reverse 
bias,  a  broad  peak  centered  at  2.5  eV  and  about  750  meV  wide  at  half 
maximum  is  obtained.  This  is  shown  in  Fig.  4.  We  do  not  as  yet  under¬ 
stand  the  shift  in  emission  wavelength  from  forward  to  reverse  bias. 

The  I-V  characteristic  of  a  typical  device  is  displayed  in  Fig.  5a. 

The  current  drawn  by  a  particular  sample  is  dependent  on  the  contact  area, 

but  since  the  emitted  light  shows  a  very  nonuniform  pattern,  it  is  not 

possible  to  ascertain  the  current  density.  A  log-log  plot  of  the  current- 

voltage  characteristics  is  shown  in  Fig*  5b.  With  forward  bias,  I  is 
3 

proportional  to  V  in  the  region  10  <  V  <  30  where  the  violet  light  is 
emitted.  A  steeper  dependence  is  found  at  smaller  voltages.  At  a  given 
voltage  the  reverse  current  is  about  two  order  of  magnitude  smaller. 
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The  power  efficiency  increases  with  increased  forward  bias  up  to 
15  V,  beyond  which  ft  is  nearly  constant  at  a  value  of  10-5.  The  reverse 
bias  efficiency  is  an  order  of  magnitude  lower  (see  Fig.  6) .  The  diodes 
operate  continuously  at  room  temperature. 

Photoluminescence  of  Mg-doped  GaN  was  excited  with  a  He-Cd  laser 

O 

which  emits  at  3250A,  and  the  resulting  spectrum  was  found  to  peak  at 
2.925  eV  at  77°K  (Fig.  7).  This  indicates  that  the  Mg  complex  forms  a 
level  about  0.5  eV  above  the  valence  band  in  GaN.  It  has  been  suggested 
by  workers  at  Bell  Telephone  Labs  that  Zn  first  forms  a  shallow  acceptor 
level  when  present  in  small  quantities  and  with  Increased  doping  results 
in  a  deep  Zn-donor  complex,  which  compensates  the  native  donors  present 
and  is  responsible  then  for  the  resistivity  increase  and  sample  color 
changes  which  are  observed.  It  is  reasonable  to  assume  that  the  same 
process  holds  for  Mg  doping.  Although  the  photolumlnescent  results  were 
obtained  at  77°K,  one  may  expect  that  there  will  be  no  shift  in  this 
spectrum  in  going  to  room  temperature.  Thus  the  forward  bias  electro¬ 
luminescence  at  300°K  corresponds  well  to  the  photo? umines cent  data, 
and  the  same  level  is  apparently  involved. 

The  foregoing  results  show  that  it  is  possible  to  obtain  electro¬ 
luminescence  in  Mg-doped  GaN  diodes  which  require  about  20  volts  for 
operation  and  which  can  emit  at  shorter  wavelengths  than  Zn-doped  GaN 
diodes.  A  power  efficiency  similar  to  that  found  in  the  Zn-doped  blue- 
emitting  diodes  is  found,  and  the  luminescence  is  readily  seen  in  a  well- 
lit  room,  in  spite  of  the  eye's  decreased  sensitivity  in  the  violet  region 
of  the  spectrum.  The  I  *  V  characteristic  is  suggestive  of  space  charge 
limited  current  in  the  presence  of  an  exponential  distribution  of  the 
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traps,  An  exponential  distribution  of  traps  is  consistent  with  the 
shift  of  the  light  omission  peak  to  shorter  wavelengths  with  Increased 
input  current.  Assuming  that  the  traps  are  being  emptied  by  field  emis¬ 
sion,  then  levels  nearer  the  valence  band  (which  will  have  a  greater 
density)  will  be  emptied  at  higher  applied  fields.  However,  a  maximum 
in  the  distribution  of  traps  must  be  assumed  to  explain  the  s«turatlon 
when  the  traps  of  maxlmun  density  are  being  emptied. 

4.  Ion  Implantation 

There  are  no  successful  reports  in  the  literature  of  diffusion  in 
GaN.  Conventional  techniques,  such  as  heating  a  sample  in  Zn  vapor, 
have  not  yielded  any  results.  It  has  been  possible  recently  to  assist 
diffusion  by  bombarding  a  material  with  protons.  This  method  has  met 
with  success  in  Si  end  Ge.  An  undoped  wafer  of  GaN  was  coated  with  a 

O 

500A  layer  of  Zn,  and  masked  over  with  Si^N^  to  prevent  evaporation.  The 
sample  wee  then  bonberded  for  5  hours  with  a  proton  current  of  lyA,  while 
heated  to  a  temperature  of  600°C.  The  Si^N^  and  residual  Zn  were  then 
removed  in  HF.  The  sample  surface  now  proved  to  be  highly  resistive  and 
lightly  orange  colored.  It  had  been  held  in  place  during  the  diffusion 
with  a  tungsten  dip,  and  the  shadow  of  the  clip  was  plainly  visible. 

The  region  masked  by  the  tungsten  maintained  its  normal  low  resistance. 

Several  indium  contacts  were  made  to  this  sample.  They  rhowed 
rectification,  and  visible  yellow-green  light  was  emitted  from  one  of 
these  contacts.  However,  it  burned  out  before  the  spectrum  could  be 
measured. 

An  electron  microprobe  analysis  failed  to  show  the  presence  of  Zn 

19  -3 

in  the  sample.  However,  about  3x10  Zn  atoms  cm  would  have  had  to 
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haw  hat*  proaaat  for  thalr  praaanca  to  hava  boon  abova  tha  dataetlon 
Halt*  ao  tha  raaalta  ara  laconelualva. 

c.  run  rot  rvrvu  wotx 

Walk  la  continuing  la  an  affort  to  alucldata  tha  aachaalaa  raapoaal- 
bla  ta  tha  alactiolualnaacaaea  la  tha  GaNtMg  dlodaa.  This  lacludaa  atudlaa 
of  tha  vafav  aarfacaa  with  tha  aeaaalng  alaetroa  alcroaeopa  aad  tha  balk 
af  tha  njrabda  with  tha  tvaaaalaaloa  alaetroa  alcroaeopa.  Varlatloaa 
la  gaooth  tlaai  aad  taaparaturaa  aad  la  dopant  eoaeaatratloaa  ara  alao 
being  atadlad  la  ardor  to  aaxlalaa  light  output  afflelaaelaa.  Alao.  tha 
of fact  af  eabatrata  orlaatatloa  la  uadar  study. 
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FIGURE  CAPTIONS 


Figure  VI-1. 
Figure  VI-2. 
Figure  VI-3. 

Figure  VI -4. 
Figure  VI-5e. 
Figure  VI- 5b . 
Figure  VI-6. 
Figure  VI-7. 


Schematic  diagram  of  the  GaN :Mg  electroluminescent  diode. 

Electroluminescent  spectrum  with  forward  bias. 

Shift  of  forward-bias  electroluminescence  peak  with 
input  current. 

Electroluminescent  spectrum  with  reverse  bias. 

Typical  I-V  characteristic. 

Log-log  plot  of  current-voltage  characteristic. 

Power  efficiency. 

Photoluminescence  spectrum  at  77°K. 


Figure  VI-1.  Schematic  diagram  of  the  GaN:Mg  electroluminescent  diode 
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INPUT  CURRENT  (mA) 


Figure  VI 


Shift  of  forward-bias  electroluminescence  peak  with 
Input  current » 
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Figure  VI-5a.  Typical  I-V  characteristic. 


Figure  VI-5b.  Log- log  plot  of  current-voltage  characteristic 


POWER  INPUT  (Watts) 


Figure  Vl-6.  Power  efficiency. 
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